Summary A quantitative analysis was applied to the stomatal and biochemical limitations to light-saturated net photosynthesis under optimal field conditions in mature trees and seedlings of the co-occurring evergreen oak, Quercus ilex L., and the deciduous oak, Q. faginea Lam. Stomatal limitation to photosynthesis, maximal Rubisco activity and electron transport rate were determined from assimilation versus intercellular leaf carbon dioxide concentration response curves of leaves that were subsequently analyzed for nitrogen (N) concentration, mass per unit area, thickness and percent internal air space. In both species, seedlings had a lower leaf mass per unit area, thickness and leaf N concentration than mature trees. The root system of seedlings during their third year after planting was dominated by a taproot. A lower leaf N concentration of seedlings was associated with lower maximal Rubisco activity and electron transport rate and with assimilation rates similar to or lower than those of mature trees, despite the higher stomatal conductances and potential photosynthetic nitrogenuse efficiencies of seedlings. Consequently, stomatal limitation to photosynthesis increased with tree age in both species. In both seedlings and mature trees, a lower assimilation rate in Q. ilex than in Q. faginea was associated with lower stomatal conductance, N allocation to photosynthetic functions, maximal Rubisco activity and electron transport rate, and potential photosynthetic nitrogen-use efficiency but greater leaf thickness and leaf mass per unit area. Tree-age-related changes differed quantitatively between species, and the characteristics of the two species were more similar in seedlings than in mature trees. Despite higher stomatal conductances, seedlings are more N limited than adult trees, which contributes to lower biochemical efficiency.
Introduction
The light-saturated carbon assimilation rate is limited by the carbon dioxide (CO 2 ) supply to the leaf interior, which in turn is controlled by stomatal aperture (Farquhar and Sharkey 1982 , Schulze 1986 , Wilson et al. 2000 . In addition, there are biochemical limitations to photosynthetic carboxylation efficiency and RuBP regeneration by electron transport (Sharkey 1985 , Wohlfahrt et al. 1999 . The severity of stomatal and non-stomatal limitations varies with species, and the study of these limitations is necessary to explain differences in productivity and to understand the resource-use strategies of different species (Wilson et al. 2001 , Kosugi et al. 2003 . Additionally, determining the relative significance of stomatal and nonstomatal limitations is crucial for predicting the capacity of different species to absorb carbon in a high CO 2 concentration ([CO 2 ]) world (Medlyn et al. 1999 , Peterson et al. 1999 . However, as shown for many other morphological and physiological leaf features (Donovan and Ehleringer 1991 , Day et al. 2001 , Ishida et al. 2005 , England and Attiwill 2006 , the severity of limitations to photosynthesis may vary during ontogeny. As a consequence, mature trees may respond to increases in atmospheric [CO 2 ] differently from seedlings or saplings. Accordingly, predicting responses of particular species to changes in atmospheric [CO 2 ] requires detailed assessment of the changing limitations to photosynthesis during ontogeny. We are unaware of information on the differences in limitations to photosynthesis associated with tree age. There are no published studies comparing maximal Rubisco activity and electron transport rate, the key parameters determining photosynthetic capacity, in seedlings and mature trees growing in the field under similar conditions.
In this study, we quantified the limitations to maximum photosynthetic rate in mature trees and seedlings of two co-occurring Quercus species differing in leaf life span, by applying the leaf photosynthesis model of Farquhar et al. (1980) . Stomatal limitation to photosynthesis (L s ), and maximal Rubisco activity (V cmax ) and electron transport rate (J max ) were obtained from the response of CO 2 assimilation (A) to internal CO 2 concentration (c i ) measured in leaves in the field. We also determined leaf nitrogen concentration on a mass (N m ) and area (N a ) basis, leaf mass per unit area (LMA), leaf thickness and percentage of internal air space (V r ) of leaves. The importance of N m , N a and LMA and their correlations with the light-saturated rate of photosynthesis have been widely debated (Field and Mooney 1986 , Reich et al. 1999 , Mediavilla et al. 2001 .
It is increasingly clear that non-stomatal limitations to photosynthesis include not only a biochemical but also a diffusive component (Centritto et al. 2003, Grassi and Magnani 2005) . Many studies have demonstrated that mesophyll conductance to CO 2 diffusion is finite and that differences in internal mesophyll diffusion conductance may greatly influence leaf photosynthetic rate at any given foliar N concentration (Warren et al. 2003 , Niinemets et al. 2005 . Accordingly, differences in mesophyll structure can provide an explanation for possible differences in leaf photosynthetic capacity and nitrogen-use efficiency related to tree age. Differences in rooting pattern may contribute to ecophysiological differences between growth stages (Donovan and Pappert 1998) . For this reason, we also studied the root systems of seedlings for possible interspecific differences in root biomass and depth.
We studied Quercus ilex L. and Q. faginea Lam., which co-occur in many areas of the Iberian Peninsula and maintain contrasting leaf characteristics and gas exchange patterns (Mediavilla et al. 2001, Mediavilla and Escudero 2003a) . Maximum stomatal conductance (g s ), V cmax and J max are strongly influenced by leaf characteristics (Wohlfahrt et al. 1999 , Ripullone et al. 2003 . Our first objective, therefore, was to investigate non-stomatal and stomatal limitations and their causes in Q. ilex and Q. faginea, to understand how these species differ in CO 2 assimilation capacity. The second objective was to determine which limitation prevails in the seedling and mature tree phases of ontogeny, whether the relative significance of non-stomatal and stomatal limitations changes with tree age and, if so, whether the ontogenetic shift is of similar magnitude in the study species, which differ in leaf longevity.
Materials and methods

Study species and area
Co-occurring evergreen Quercus ilex L. subsp. ballota (Desf.) Samp. and deciduous Q. faginea Lam. were studied in neighboring plots near Salamanca, in central-western Spain. Climate (precipitation and temperature) and soil characteristics are fairly homogeneous in the study area (Table 1 ). The climate is cold Mediterranean, with most precipitation falling during winter and spring. As a consequence, there is usually no water limitation during spring and early summer, but a period of drought occurs each summer. The soils, which are dystric cambisols, are poor in organic matter and in nutrient content, having a low pH and a medium to low water retention capacity (Dorronsoro 1992) .
One plot (40°54′ N, 6°7′ W) consisted of sparse populations of isolated mature trees over 100 years old (about 50 trees ha -1 ), with open pasture areas among them. These savannalike formations ("dehesas") are common in the western part of the Iberian Peninsula. Trunk diameter at 1.3 m height ranged from 40 to 60 cm, and mean height was 8-10 m. The other plot (40°54′ N, 5°43′ W) consisted of seedlings of both species planted in 1995 (about 1000 trees ha -1 ), and replanted for this experiment in October 2003. Before planting, seedlings were grown in a nursery during their first growth season from acorns obtained from areas near the study stands. Seedling height was around 50-60 cm, but maximum trunk diameter varied between 8 and 10 mm for Q. faginea and between 5 and 6 mm for Q. ilex. In 1997, thirty plants of each species were harvested. The roots were excavated to their maximum depth, and classified by diameter and depth in the soil profile. Plant tissues were dried at 70 °C to constant mass.
Two soil samples were taken from each plot in 1997: one at the surface (excluding the forest floor); and one at a depth of 50 cm. Each sample was a composite of 12 subsamples collected from random locations. Samples were analyzed for N according to the methods described by Bremner (1960) .
Gas exchange measurements and parameter estimations
Gas exchange in fully expanded sun-exposed leaves was measured with a portable photosynthesis system (LI-6200, Li-Cor, Lincoln, NE). Measurements were made at ambient [CO 2 ], air temperature and relative humidity and under saturating irradiances (above about 1200 µmol m -2 s -1 , which was shown to be saturating in a preliminary study). All measurements were performed on fully expanded leaves between 0700 and 0900 h local solar time on sunny days during late spring and early summer (from May to June in 2005 and 2006) , before the onset of summer drought. On the day of photosynthesis measurements, predawn water potential (Ψ pd ) of shoots from the same plants and crown position as used for gas exchange measurements was measured with a pressure chamber (PMS Instruments, 368 JUÁREZ-LÓPEZ, ESCUDERO AND MEDIAVILLA TREE PHYSIOLOGY VOLUME 28, 2008 Farquhar (1981) .
On the days of gas exchange measurements, A-c i curves were obtained on 15 fully expanded leaves per species and growth stage (mature trees and seedlings) by manipulating the [CO 2 ] in the gas exchange cuvette between 50 and 800 µl l -1 . The A-c i curves were obtained at saturating irradiance and ambient air humidity and temperature. Leaf temperature during the measurements ranged from 23 to 30°C for both species, but varied by less than 2°C during the determination of each A-c i curve. The leaf-to-air vapor pressure deficit (VPD) in the cuvette was maintained at a target value by regulating the airflow rate and scrubbing the incoming air with a desiccant as necessary. Measurements were made at an initial [CO 2 ] of 360 µl l -1 . The chamber [CO 2 ] was then increased and decreased in 12 steps by recirculating varying proportions of the chamber air through a CO 2 absorbent. A stabilization period of at least 4 min was allowed for each step, and three successive measurements were made at 1-min intervals.
The A-c i curves were analyzed according to the model of leaf photosynthesis proposed by Farquhar et al. (1980) as modified by Sharkey (1985) and Harley et al. (1992) , but without including the potential limitation arising from triose phosphate utilization. Following Wullschleger (1993) and Geber and Dawson (1997) , V cmax was estimated from the initial slope of the A-c i curve and the values above the inflection of the A-c i curve were used to estimate J max by nonlinear regression (Draper and Smith 1966) . We assumed an infinite CO 2 transfer conductance from the intercellular air spaces to the chloroplasts (cf. Farquhar et al. 1980 , Harley and Baldocchi 1995 , Dreyer et al. 2001 . To compensate for temperature differences during measurements, all parameters were scaled to a common reference temperature of 25°C. Primary model parameters and their temperature dependence equations were taken from Dreyer et al. (2001) .
The relative stomatal limitation to photosynthesis (L s ), an estimate of the proportion of the reduction in photosynthesis attributable to CO 2 diffusion between the atmosphere and the site of carboxylation, was calculated from the A-c i curves as described by Farquhar and Sharkey (1982) :
where A is net rate of photosynthesis at ambient [CO 2 ] (c a ; 360 µl l -1 ) and A o is the photosynthetic rate when c i equals c a . For this calculation, mesophyll conductance was considered to be infinitely large.
Foliar attributes
After the gas exchange measurements, leaf samples were immediately taken to the laboratory for determination of: leaf area (measured with a Delta-T Image Analysis System, Delta-T Devices, Cambridge, U.K.); thickness (calculated as the mean of three measurements with a digital micrometer (Digimatic micrometer, Mitutoyo, Japan), taking care to avoid the main veins); volume (thickness × area); and dry mass (after drying at 70°C to constant mass). Air space per leaf (V a , cm 3 ) was estimated as described by Yokoi and Kishida (1985) and Koike (1988) :
where V f (cm 3 ) is volume of fresh leaves, w f (g) is leaf fresh mass, w d (g) is leaf dry mass, r w (g cm -3 ) is density of water and r d is density of dry matter. According to the results of Yokoi and Kishida (1985) , r d ranges from 1.4 to 1.5 g cm -3
(we used r d = 1.45). The percentage air space was calculated as V r = 100(V a /V f ).
Leaf N concentrations were determined with a CE-Instruments NA-2100 autoanalyser (ThermoQuest, Milan, Italy). Leaf mass per unit area, N a , N m , CO 2 assimilation rate per unit area (A a ) and potential photosynthetic nitrogen-use efficiency (PPNUE) were derived from these data. The A a /g s ratio was taken as an estimate of water-use efficiency for a given VPD (intrinsic water-use efficiency; WUE i ).
Statistical analyses
Effects of species and growth stages were evaluated by analysis of variance. Fisher's protected LSD test was used to establish significant differences at P = 0.05 between means after applying the Levene test to check for homogeneity of variances.
Results
Leaf attributes and gas exchange parameters at ambient CO 2 concentration
In both plots, soil N concentrations at the surface were much higher than at a depth of 50 cm (Table 1 ). The root systems of seedlings during their third year after planting were dominated by a tap root, which represented about 51% of the total root biomass in Q. ilex and 72% in Q. faginea (Table 2) . Mean maximum depth of the tap root was about 55 cm for Q. ilex and 61 cm for Q. faginea.
Significant differences in leaf traits were found between age classes in both species (Table 2) . Mature tree leaves had higher LMA, N a and N m than seedlings. Differences in leaf N concentrations between growth stages were particularly large in Q. faginea. In Q. ilex, the lower LMA of seedling leaves was due to the difference in leaf thickness and density (higher V r ) although the differences in V r between developmental stages did not reach significance (Table 2 ). In Q. faginea, although the mature trees had thicker leaves than seedlings, they had a greater V r (Table 2 ). In both age classes, Q. ilex had higher LMA and leaf thickness, and lower N m than Q. faginea (Ta-ble 2). Leaf nitrogen per unit area was similar in both species. Leaf air space differed significantly between species, being higher in Q. ilex seedling leaves, but lower in Q. ilex mature tree leaves.
Seedlings had a significantly higher mean g s than mature trees of the same species, particularly in Q. ilex (Table 3) . However, the seedlings maintained similar or even significantly lower A a than mature trees (Table 3) . Consequently, WUE i was lower in seedlings than in mature tree leaves. In contrast, PPNUE was significantly higher in seedlings than in mature trees.
In mature trees, Q. ilex displayed lower mean A a , g s , PPNUE and WUE i than Q. faginea (Table 3 ). Similar differences, except in g s , were apparent in seedlings.
A-c i response analysis
The shape of the A-c i curves varied with species and tree age (Figure 1 ). For all values of c i , seedlings exhibited lower A than mature trees. The initial slope of the A-c i curves was higher in mature trees than in seedlings. Photosynthetic CO 2 compensation points (x-intercepts of A-c i curves) were, on average, significantly higher in seedlings (57 and 53 µl l -1 in Q. ilex and Q. faginea, respectively) than in mature trees (55 µl l -1 in Q. ilex, 49 µl l -1 in Q. faginea). The points at which the slope of the A-c i curves change correspond to higher c i values in seedlings (about 330 µl l -1 in Q. ilex, 230 µl l -1 in Q. faginea) than in mature trees (310 µl l -1 in Q. ilex, 200 µl l -1 in Q. faginea) for both species (Figure 1 ). The differences between growth stages were greater in Q. faginea than in Q. ilex.
In both developmental stages, Q. ilex showed a lower assimilation rate and initial slope of the A-c i curves, and a higher photosynthetic CO 2 compensation and curve inflection point than Q. faginea (Figure 1 ). The interspecific differences were, however, larger for mature trees than for seedlings, as indicated by the significant interaction with tree age in the twoway ANOVA found for most variables (data not shown).
Stomatal limitation to photosynthesis
Stomatal limitation to photosynthesis was significantly higher in mature trees than in seedlings of both species (Table 4) . The low L s of seedlings was expected because of their high g s (Table 3). Differences in L s between growth stages were greater in Q. ilex than in Q. faginea, as indicated by the significant interaction term in the two-way ANOVA (data not shown). There were significant interspecific differences in both seedlings and mature trees, but they were more marked in mature trees: Q. ilex had 40% higher L s than Q. faginea in mature trees, but only 23% higher in seedlings (Table 4) . 370 JUÁREZ-LÓPEZ, ESCUDERO AND MEDIAVILLA TREE PHYSIOLOGY VOLUME 28, 2008 
Biochemical limitations to carbon assimilation
Maximum electron transport rate and V cmax were positively correlated with tree age (Table 4) . However, differences between seedlings and mature trees were more pronounced in Q. faginea. Consequently, biochemical capacities were more similar in seedlings than in mature trees, although at both growth stages, mean V cmax and J max were higher in Q. faginea than in Q. ilex (Table 4) . In all cases, V cmax was positively related to J max .
Discussion
Ontogenetic changes
Qualitatively similar changes in leaf morphology and physiology with tree age were observed in both species. As reported for several other species (Donovan and Pappert 1998 , Thomas and Winner 2002 , Ishida et al. 2005 , England and Attiwill 2006 , increases in tree age were accompanied by increases in LMA, leaf thickness, N a and N m . The marked changes in leaf structure and leaf N concentrations with ontogeny were paralleled by significant changes in gas exchange patterns. Seedlings showed much higher g s than mature trees, although, because of their lower biochemical capacity (lower V cmax and J max ), they maintained A values similar to or lower than those of the mature trees. The combination of lower g s and higher biochemical capacity in mature trees resulted in a higher L s than in seedlings. As a consequence of these ontogenetic shifts in leaf characteristics, seedlings tended to maintain significantly higher PPNUE and lower WUE i than mature trees, indicating a shift in resource use.
Differences in foliar N concentrations between seedlings and mature trees probably reflect differential access to soil resources related to differences in root size and distribution Pappert 1998, Cavender-Bares and Bazzaz 2000) . During their first years, more than 50% of the seedling root biomass of both species was invested in a single taproot that penetrated to a depth of 50 cm, suggesting that they obtained their water mainly from a depth of around 50 cm, where soil N concentrations are lower than at the surface. Although we did not excavate roots of mature trees, it is probable that, as found for other plant species in Mediterranean-climate environments Pate 1996, Filella and Peñuelas 2003) , mature trees develop both a superficial and a deep root system providing both a reliable groundwater supply and good access to nutrients near the soil surface (Filella and Peñuelas 2003) .
However, quantitatively, both oak species showed different age-related trends that suggest interspecific differences in the extent of changes in resource-use priority during ontogeny. For example, the age-related increase in L s was 25% in Q. faginea compared with 42% in Q. ilex.
In Q. ilex, the age-related change in g s was more pronounced than changes in biochemical capacity. Significant positive correlations between V cmax and J max with leaf N concentration have been reported in many species (Ripullone et al. 2003 , Lewis et al. 2004 ; however, the increase in biochemical capacity from seedlings to mature trees in Q. ilex was lower than expected based on differences in N a between growth stages. Several authors (Lloyd et al. 1992 , Reich et al. 1998 , Niinemets 1999 have suggested that, in high-LMA leaves, a greater proportion of leaf N is invested in defence and structural functions, which implies less N availability for photosynthetic processes. Such differences among species may also exist between ontogenetic stages of the oak species we studied, given that mature trees had significantly higher LMA than seedlings.
A lower than expected tree-age-related difference in biochemical capacity may be associated with potential differences in mesophyll conductance to CO 2 related to changes in TREE PHYSIOLOGY ONLINE at http://heronpublishing.com LMA and leaf thickness and porosity. There is much evidence that mesophyll conductance is finite (Lloyd et al. 1992 , Centritto et al. 2003 , Warren et al. 2003 , Ethier and Livingston 2004 and that [CO 2 ] within the chloroplast is significantly lower than c i . Although we did not measure internal conductance, it has been shown that mesophyll conductance is negatively associated with leaf thickness and dry mass per unit area (Evans 1999 , Niinemets et al. 2006 . Thus, the [CO 2 ] gradient between the internal air space and chloroplasts is likely higher in mature trees than seedlings because of their higher LMA and leaf thickness and lower V r , leading to a greater underestimation of V cmax (Ethier and Livingston 2004) . In Q. faginea, aging was accompanied by a smaller increase in stomatal control than in Q. ilex. However, the biochemical capacity of mature trees of Q. faginea was much higher than that of seedlings, suggesting that, in the seedling stage, Q. faginea is more N limited than Q. ilex.
Quantitative differences in the magnitude of age-related changes in both species may be explained partly by differences in the distribution of the root biomass. Quercus faginea seedlings had a more massive and longer root than Q. ilex. Thus a higher proportion of the seedling root system may be located in soil with low N concentrations in Q. faginea than in Q. ilex. This difference could explain why the age-related increases in N concentration, V cmax and J max were more pronounced in Q. faginea than in Q. ilex.
Interspecific differences
As is typical of differences between evergreen and deciduous species (Field and Mooney 1986 , Reich et al. 1999 , Mediavilla and Escudero 2003b , the evergreen Q. ilex had higher LMA and leaf thickness and lower N m , biochemical capacity and g s than the deciduous Q. faginea. Although interspecific differences were qualitatively similar in seedlings and mature trees, they increased sharply with age. Seedlings of both species apparently maintained a relatively similar strategy, tending to maximize productivity by maintaining high g s under favorable conditions, as reported for other species Ehleringer 1991, Cavender-Bares and Bazzaz 2000) .
These results may be interpreted in the context of compromises between survival and productivity during the life cycle (Crawley 1986 ). Seedlings of Q. ilex achieved high productivity by maintaining high g s , despite the risk of mortality thus incurred during drought. The properties of mature tree leaves indicate that, during development, the priority of resource use gradually shifts from an enhancement of photosynthetic performance to an enhancement of leaf persistence. A similar shift has been reported by Cornelissen et al. (2003) , with the exception that they found higher leaf nutrient contents in laboratory-grown seedlings than in field-grown mature trees. The greater LMA, leaf thickness and density of mature Q. ilex trees improves the resistance of foliage not only to drought (Niinemets 2001) , but also to herbivory and mechanical damage (Wright and Cannon 2001) . Mean leaf longevity was found to increase by more than one year from seedlings to mature trees of Q. ilex (Mediavilla and Escudero 2003c) . Quercus faginea, in contrast, is a deciduous species with leaf life span limited to one growth season in both seedlings and mature trees (Mediavilla and Escudero 2003c) .
In conclusion, species differ in ecophysiological characteristics in each life-history phase, depending on the selective pressures operating at each stage. The propensity to evolve similar strategies determines minor interspecific differences during the seedling phase. Most properties of seedling leaves favor high photosynthetic productivity. However, our data reveal that in water-limited environments, the development of a deep root system contributes to reduced N availability, which counteracts the tendency to maximize productivity during the seedling stage. Whether this higher N limitation at the seedling stage is exclusive to water-limited environments or is a general phenomenon remains to be elucidated. As others have emphasized (Cornelissen et al. 2003) , marked ontogenetic shifts in leaf traits make predictions of interspecific trait rankings of adult plants based on observations on young plants uncertain.
